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1. Introduction 
To measure MR spectra in vivo, one needs to control the spatial origin of the detected signals. 
For diagnostic purposes, one is not interested in a global spectrum representing the average 
metabolic composition of the whole patient, but in the metabolism of some specific organ or 
lesion. Because of the poor sensitivity, the issue of spatial localization is more delicate in MRS 
than in MRI, as the size of the selected volume typically has to be large, on the order of 1 cc or 
more. This often leads to signal contamination from adjacent tissue and to partial volume effects. 
A good control of the spatial origin therefore is crucial for a high quality of the acquired spectra. 

2. Fundamentals 
The one major physical frontier that in vivo MRS has to cope with is the limited spatial 
resolution as consequence of the inherently low sensitivity. Most other hurdles such as limited 
field-of-view or patient motion, to name just a few, are "merely" technological challenges. The 
latter may be very complex issues, which need a lot of clever engineering to overcome them. The 
limited resolution, however, is a fundamental physical limit, and current instrument designs are 
already close to the theoretical optimum. As long as there is no technological break-through, we 
will have to live with what is currently 
available: there is no hope to substantially 
increase sensitivity or spatial resolution. Fig. 1 
gives a striking example of this limitation. 

 
Fig. 1: The duration necessary to measure the 
MR signal from a certain volume with a given 
signal-to-noise ratio (SNR)  increases with the 
6th (!) power of the linear dimension of the 
volume. For example, if a spectrum with a SNR 
of 10 can be acquired of the large sphere in 10 
min, it takes 11 hours to acquire a spectrum of 
the small sphere with half the diameter. 

Often, one sees anatomical images with a 
box superposed, and it is claimed that a MR 
spectrum is originating from within that box. 
This is a very simplified representation. In 
reality, 'spatial localization' does not generate 
sharp borders. It rather produces a 'localization 
profile' that depends on the frequency profile of 
the selective pulses used in single voxel 
spectroscopy, or the so-called 'spatial response 
function' in spectroscopic imaging. The 
localization profile determines how much signal 
is lost within the voxel-of-interest (VOI), and 
by how much the localized spectrum is 
contaminated by signal originating from outside 
the VOI. 



 

3. Single voxel methods 
The merit to have invented the first method to collect the MR spectrum from a well-delineated 
volume, based on the simultaneous use of selective RF pulses and pulsed gradients, goes to 
W. Aue and his "volume-selective excitation" (VSE) (1). VSE stimulated the development of a 
number of improved methods. These methods all make use of modulated, frequency-selective 
RF pulses played out in the presence of a pulsed gradient field. 

To select a box, three selective pulses are applied one after the other, in the presence of 
mutually orthogonal field gradients. The intersection of the three excited planes is the (more or 
less) cube-shaped volume-of-interest (VOI, fig. 2). The so-called “single voxel methods” thus 
acquire the spectrum of a single selected volume within the sample – the detected signal 
originates from the intersection of the three slices. Single voxel methods have the following 
advantages: they are usually quite easy to implement, most modern MR instruments already 
have such measurement protocols implemented. Single voxel methods are quite reliable and 
reproducible, and they have a short minimal duration. Finally, they produce only a small amount 
of data, which facilitates data analysis. 

The various single voxel methods have somewhat different properties, depending on 
whether the slice-selective pulses are 90°- or 180°-pulses. The three main representatives of 
these methods are ISIS (2), STEAM (3-5) and PRESS (6). Whenever applying slice selective 
pulses or readout gradients, this leads to a complication known as chemical shift artifact. If 
various substances have different resonance frequencies due to their different chemical shift, the 
position of the selected slice will not be the same for all metabolites. Depending on the range of 
chemical shifts and the strength of the slice gradient, this displacement can be several 
millimeters or even centimeters: the broader the chemical shift range δ and the weaker the slice 
gradient Gs, the stronger the chemical shift artifact Δr:  

 δ⋅=Δ
sG

B
r 0  [Eq. 1] 

4. Spectroscopic imaging 
In the same experimental duration that a single voxel method acquires the spectrum of a single 
VOI, spectroscopic imaging (7, 8) can collect the spectra data of a whole grid of many voxels. A 
spectroscopic image covers a whole plane (or a 3D volume) across the sample, with identical 
spatial resolution and the same signal-to-noise ratio. Just like MRI, this produces an image of the 
object. In contrast to MRI, each pixel of a metabolic image contains not a single gray value but a 
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Fig. 2: (a) Applying three selective pulses in the presence of three mutually orthogonal gradients, three 
intersecting slices are excited. (b) The volume-of-interest (VOI) is the intersection of the three slices. 



 

full MR spectrum. Such, the spatial distribution of specific metabolites can be visualized. If the 
spatial distribution of metabolites is of interest (rather than just the metabolic profile at one 
specific location), spectroscopic imaging is therefore a much more efficient way to record the 
data than single voxel methods. 

These techniques are usually referred to as “chemical shift imaging CSI” or as 
“spectroscopic imaging SI”. Usually, they employ phase-encoding gradients to encode the 
spatial dimensions, and the MR signal is then collected in absence of any gradient in order to 
maintain the spectroscopic information (Fig. 3). Imaging-type methods, however, have the 
disadvantage that the shape of individual voxels is less well defined than in single voxel 
techniques. The shape of a voxel is indicated by the 'spatial response function' (SRF), which 
indicates the weight with which every point in object space contributes to a local spectrum. The 
shape of the SRF is less 'square' than for single voxel methods, indicating signal loss within the 
VOI, and contamination from outside. The nominal spatial resolution is given by the 64%-
amplitude of the SRF (9). In conventional spectroscopic imaging, the strong undulations of the 
baseline of the SRF cause very strong spatial contamination. Whenever possible, some scheme 
for acquisition weighting (rather than k-space filtering) should be used, in order to attenuate this 
contamination without giving up sensitivity (10-14). 

The minimal duration of a conventional spectroscopic imaging study may be governed not 
by the time needed to achieve a sufficient signal-to-noise ratio, but by the time required to 
perform all the transients for all the different phase-encoding steps. This becomes a limitation in 
particular if a spectroscopic image with three spatial dimensions is to be collected. If for 
example a spectroscopic image with a spatial matrix of 32 x 32 x 16 were to be acquired, this 
would need a scan time of more than 4½ hours using a repetition time of TR = 1 sec – far too 
long to be tolerable by patients. Various schemes for fast spectroscopic imaging therefore have 
been devised to accelerate the data acquisition (provided that sufficient sensitivity is available). 
One of the easiest strategies already implemented on some clinical scanners is circular (or 
elliptical) k-space sampling: only data from the center of k-space are collected, its corners which 
contribute only little signal are omitted (15). Circular k-space sampling can be considered as the 
first stage of the afore-mentioned k-space weighting (10-14), and one should keep in mind that it 
does have an influence on the shape of the SRF and thus on the localization properties. 

The most prominent methods of fast spectroscopic imaging employ pulsed magnetic field 
gradients during data acquisition to increase the speed of k-space coverage. This was proposed as 
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Fig. 3: The basic pulse sequence for spectroscopic imaging in two spatial dimensions. After the RF 
excitation pulse, short gradient pulses are applied, which modulate the phase of the MR signal. The data 
are collected in the absence of any gradient, maintaining the spectral information. This procedure is 
repeated many times, ramping the gradient pulses independently in the two directions through all the 
values needed to obtain the desired spatial resolution. The metabolic image is reconstructed by Fourier 
transformation both in the spatial and the spectral dimensions. 



 

early as 1984 by the inventors of echo planar imaging, P. Mansfield et al. (16-18). Several 
modifications and improvements of this original technique have been proposed (19-21). In 
addition to these methods which are based on a (more or less) rectilinear sampling of k-space, 
spiral scanning schemes are very attractive, because of their even faster coverage of k-space and 
some inherent advantageous weighting of k-space (22-24). Many sequences for fast 
spectroscopic imaging have been reviewed by R. Pohmann et al. (25). 

The main advantages and disadvantages of single voxel methods compared to 
spectroscopic imaging are summarized in the table below. 

5. Field Homogeneity and Shim 
The homogeneity of the main static magnetic field is another essential parameter which 
determines the quality and the success rate of spectroscopic studies in vivo. The homogeneity 
limits the line-width in the spectra and thus both the spectral resolution and the sensitivity. 
Furthermore, in 1H-MRS, poor homogeneity renders water-suppression inefficient, which is one 
of the biggest hurdles for spectroscopic imaging. 

The field homogeneity is not only determined by the magnet design, but it is perturbed by 
the inhomogeneous magnetic properties of the patient or sample, i.e. the magnetic susceptibility 
changes for instance at air-tissue interfaces. The higher the magnetic field, the stronger are the 
perturbations introduced by the patient. Some means to compensate these field deformations is 
therefore required, in particular on high-field instruments. In the early days of NMR, field 
homogeneity was optimized by introducing small iron plates to the magnet, the so-called 
‘shims’. Today, field homogeneity is rather adjusted by varying the current in additional coils 
which generate magnetic fields of appropriate geometry (26), but the name ‘shimming’ has 
remained. 

It is essential that the total duration of a MRS examination remains acceptable. The former, 
time-consuming manual shim adjustment procedures therefore are more and more replaced by 
sophisticated, (semi-)automatic procedures (27-34). These have significantly improved both the 
comfort and the time needed to obtain optimal shim settings. It is important to realize, however, 
that shimming can only be a rather superficial, symptomatic cure: due to fundamental physical 
principles, it is not possible to fully compensate the local field perturbations by means of 
globally acting shim-coils. 

 
 

Single Voxel Spectroscopic Imaging 
++ localization in single scan (shim) + minimal duration long (Nx x Ny x TR)

- chemical shift artifact +/- Spatial response function 

+/- only single voxel ++ full volume coverage 

++ well implemented, robust ++ highly efficient 

+ water-suppression relatively easy -- water suppression shim-dependent 

+ processing relatively easy - large amount of data 

Table 1: Comparison of some essential properties of single voxel localization vs. spectroscopic imaging 



 

6. References 
1. W.P. Aue et al., J. Magn. Reson. (1984), 56: 350. 
2. R.J. Ordidge et al., J. Magn. Reson. (1986), 66: 283-294. 
3. J. Frahm et al., J. Magn. Reson. (1987), 72: 502-508 
4. G.C. McKinnon, Proceedings of the 5th ISMRM (1986), 168 
5. R. Kimmich et al., J. Magn. Reson. (1987), 72: 379-384 
6. P.A. Bottomley, U.S.-Patent (1984), 4, 480, 228:0 
7. T.R. Brown et al., Proc. Natl. Acad. Sci. USA (1982) 79: 3523-3526 
8. A.A. Maudsley et al., J. Magn. Reson. (1983) 51: 147-152 
9. M. von Kienlin et al. in "Spatially Resolved Magnetic Resonance" (P. Blümler et al. eds.), 

Wiley-VCH Weinheim (1998). 
10. T.H. Mareci et al., J. Magn. Reson. (1984) 57: 157-163. 
11. D.L. Parker et al., Med. Phys. (1987) 14: 640-645 
12. R. Pohmann et al., Magn. Reson. Med. (2001) 45: 756-764 
13. A. Greiser et al., Magn. Reson. Med. (2003) 50: 1266-1275 
14. B. Kühn et al., Magn. Reson. Med. (1996) 35: 457-464 
15. A.A. Maudsley et al., Magn. Reson. Med. (1994) 31: 645-651. 
16. P. Mansfield, Magn. Reson. Med. (1984) 1: 370-386. 
17. D. Guilfoyle et al., Magn. Reson. Med. (1985) 2: 479-489. 
18. D. Guilfoyle et al., Magn. Reson. Med. (1989) 10: 282-297. 
19. D. Twieg, Magn. Reson. Med. (1989) 12: 64-73. 
20. P. Webb et al., Magn. Reson. Med. (1989) 12: 306-315. 
21. S. Posse et al., Magn. Reson. Med. (1995) 33: 34-40. 
22. E. Adalsteinsson et al., Magn. Reson. Med. (1998) 39: 889-898. 
23. S. Sarkar et al., Magn. Reson. Imag. (2002) 20: 743-757. 
24. B. Hiba et al., Magn. Reson. Med. (2003) 50: 1127-1133. 
25. R. Pohmann et al., J. Magn. Reson.(1997) 129: 145-160. 
26. F. Romeo et al., Magn. Reson. Med. (1984) 1: 44-65. 
27. P. Webb et al., Magn. Reson. Med. (1991) 20: 113-122. 
28. R. Gruetter, Magn. Reson. Med. (1993), 29: 804-811. 
29. H. Wen et al., Magn. Reson. Med. (1995) 34: 898-904. 
30. T. Reese et al., J Magn. Reson. Imag., (1995) 5: 739-745 
31. S. Kanayama et al., Magn. Reson. Med. (1996), 36: 637-642. 
32. J. Shen et al., Magn. Reson. Med. (1997), 38: 834-839. 
33. L. Klassen et al., Magn. Reson. Med. (2004), 51: 881-887. 
34. D. Spielman et al., Magn. Reson. Med. (1998), 40: 376-382. 


	Table of Contents
	2006 Annual Meeting Program Committee
	Continuing Education
	Declaration of Speaker Financial Interests or Relationships
	================
	Saturday, 6 May 2006
	MR Physics for Physicists - Day 1 - 08:30 to 18:00 ~ Room 6E
	Origins of the Equations of Magnetization Dynamics 
	Numerical Implementation of the Bloch Equation to Simulate Magnetization Dynamics and Imaging
	Alternate Mechanisms for Spin Polarization
	Imaging Strategies for Hyperpolarized Elements and Molecules 
	Contrast Mechanisms in Molecular Imaging - No syllabus contribution available
	Quantum Mechanical and Semi-Classical Theory of Relaxation
	Relaxation and Contrast Mechanisms in Living Tissue 
	Fast SE/TSE/RARE, Refocusing with Low Flip Angle Pulses
	Fast Gradient Echo Including SSFP
	Pulse Sequence Design for EPI and Non-Cartesian Sampling
	Limits of SNR and Practical Consequences 

	Quantitative Image and Data Analysis - Day 1 - 09:00 to 17:40 ~ Room 613-614
	Introduction to Quantitative Analysis 
	Mapping of Quantitative MR Parameters
	Statistical Analysis of Quantitative MR Data: Basic Methods
	Artifacts, Noise, Filtering and Compensation Techniques 
	Image Registration and Motion Correction 
	Feature Extraction, Shape Fitting, and Image Segmentation
	Quantitative Morphology: Volumes, Shapes, and Voxel-Based Measures
	Motion Estimation, Modeling, and Compensation  
	Bulk Flow Measurements and Angiography 

	Advanced Body Imaging - 08:30 to 18:15 ~ Room 6D
	Approach to Diagnosis of the Difficult Liver Lesion with MRI
	Liver Specific Contrast Agents: An Update
	Assessing Tumor Response in Liver Therapy
	Pancreas: From Structure to Function
	MRCP and MRI in the Evaluation of Bile Duct Obstruction
	MRI of Ano-Rectal Diseases
	MRI of Prostate Cancer: Diagnosis, Staging, and Treatment 
	The Role of MRI in Evaluating Benign Uterine Disease
	Diagnosing, Staging and Stratifying Patients with Malignant Uterine Disease
	Characterizing Adnexal Masses: Pearls and Pitfalls
	Optimizing Your Breast MRI Technique
	MRI Criteria to Diagnose Breast Cancer 
	MRI Screening of High Risk Women
	MR Guided Breast Interventions

	Clinical MRI: From Physical Principles to Practical Protocols - 08:00 to 17:45 ~ Room 615-617
	Overview of MR Physics
	Musculoskeletal MR Principles (Spin-Echo, FSE, Gradient Echo)
	Musculoskeletal MR Practical Protocols 
	Body MR Principles (STIR, Gradient Echo, Fast Imaging Tricks)
	Body Protocols
	Vascular MR Principles (TOF, 3D GRE)
	Vascular Protocols
	Neuro MR Principles (FLAIR, EPI-Perfusion, Diffusion)
	Neuro Protocols  
	Cardiac MR Principles (Gating, True FISP, Phase Contrast)  
	Cardiac Protocols

	Diffusion and Perfusion Methodology - 08:30 to 18:15 ~ Room 6C
	Theory of Diffusion
	Biophysical Underpinnings of Diffusion
	Tensor Encoding / Decoding
	Sequences for Diffusion MRI
	Artifacts and Pitfalls in Diffusion MRI -  No syllabus contribution available
	DSI/ Qball/ GDTI and Tractography
	Theory of Perfusion Measurements
	DSC Perfusion (with Pitfalls)
	ASL Perfusion - Pulsed/Continuous
	New Ideas in Perfusion
	Exchange
	Clinical Applications of Diffusion/Perfusion MRI: A Review

	Molecular Imaging - 08:00 to 17:50 ~ Room 602-604
	Introduction
	Imaging Technologies I: Physical Principles, Technical Issues
	Imaging Technologies II: Comparison of Techniques, Strengths/Weaknesses, Fusion
	Combined Technologies: MRI/PET, PET/CT, MRI/Optical Œ Instrumental Aspects - No syllabus contribution available
	Concepts of Probe Design I: Physical Principles of Reporter Moieties
	Concepts of Probe Design II. Design of Target-Specific Probes
	Combined Technologies: Multimodal Probes
	Non-Invasive Imaging of Cell Signaling
	Imaging the Function of Gene Products
	Monitoring Cell Migration
	Molecular Imaging in Drug Research 
	Molecular Imaging and Atherosclerosis
	Molecular Imaging in Experimental Therapeutics of Cancer

	MR Spectroscopy in Clinical Practice - 08:30 to 18:00 ~ Room 611-612
	Basics of MR Spectroscopy for the Practicing Clinician
	1D, 2D and 3D Localization Techniques and Shimming
	Data Processing and Interpretation
	1D and 2D Quantification Methods
	Quality Assurance and Artifacts
	Clinical Potential of C- and P-MRS
	MRS in Congenital Metabolic Disorders
	MRS in Pediatric Tumors
	MRS in Perinatal Asphyxia
	MRS, MRI & fMRI in Epilepsy Surgery
	MRS in Therapy Planning and Follow-up of Adult Brain Tumors
	MRS in Stroke, MS and Infectious Diseases
	MRS in Neurodegenerative Diseases
	MRS in Psychiatric Diseases
	P31-MRS of Muscle Diseases
	MRS of Prostate Diseases

	RF Systems Engineering - 08:30 to 18:15 ~ Room 618-620
	Overview of Signal Detection and the RF Chain
	Principles and Modeling of the Signal Detection by a Coil
	Introduction to the World of RF; Transmission Lines, Impedence Transformers, and RF Components
	RF Measurements: The Network Analyzer and Smith Chart
	Preamp Design and Characterization 
	T/R Switchs, Baluns, Traps, and Active Detuning Elements
	Volume Coil Types and Design Principles
	Array Coil Types and Design Principles
	Modeling the EM Wave Interaction with the Body and SAR 
	Transmit SENSE Coil


	===============
	Sunday, 7 May 2006
	MR Physics for Physicists - Day 2 - 08:30 to 18:00 ~ Room 6E
	MR Elastography
	Velocity Encoding and Flow Imaging
	Gridding for Non-Cartesian k-Space Sampling
	Reconstruction for Multi-Coil Acquisition
	Generalized Spatial and Temporal Interpolation, Limited Data Reconstruction
	Overview of the Technical Challenges
	Optimized Pulse Sequences at High Field 
	Principles of Parallel Transmission
	Physical Principles for the Assessment of MRI Safety at High Field 

	Quantitative Image and Data Analysis - Day 2 - 09:00 to 17:40 ~ Room 613-614
	Perfusion/Permeability 1: Tracer Kinetic Modeling Using Contrast Agents
	fMRI Modeling and Analysis
	Perfusion/Permeability 2: Modeling of Arterial Spin Labeling Signals
	Spectroscopy Modeling and Analysis
	Elastography Modeling and Analysis
	Data Presentation and Interpretation: Rendering, Data Fusion, and Surgical Planning
	Quantitative Data in Clinical Practice - No syllabus contribution available

	Experimental Methods in MR of Cancer - 08:30 to 17:15 ~ Room 6C
	Evaluating Pathways, Inhibition and Regulation Using MRS
	Choline Metabolism: Meaning and Significance
	Clinical Applications of Magnetic Resonance Spectroscopy
	Measuring Vascular Properties Using Contrast Agents
	Tracer Kinetic Models: Extracting Physiological Vascular Information
	Measuring Vascular Properties Using Intrinsic Contrast Mechanisms (inc BOLD)
	Hypoxia and its Assessment
	Clinical Applications of MR Methods That Assess Tumor Vascular Functionality
	Associating MR Findings with MR Gene and Protein Expression
	Diagnosis of Cancer Using MAS
	Apoptosis: MR Consequences
	Diffusion MRI:  A Biomarker for Cancer Treatment Response

	Multi-Modal fMRI: Physiology, Acquisition, and Analysis - 08:30 to 18:15 ~ Room 611-612
	Brain Oscillations and Neural Networks
	Physiology, Hemodynamics, and BOLD Signals
	fMRI Paradigm Design
	Pre-processing of BOLD fMRI Data
	General Linear Model for BOLD fMRI Analysis
	Independent Component Analysis of BOLD fMRI Data
	Diffusion Tensor Imaging: Acquisition and Processing
	DTI/fMRI: Integration/Synergy
	Low-Frequency BOLD Fluctuations and Brain Functional Connectivity
	Perfusion-Based fMRI
	Blood-Volume-Based fMRI

	Demystifying Biomedical MR Spectroscopy: Challenges, Advanced Concepts, and Applications - 08:00 to 15:15 ~ Room 615-617
	The Art of RF Pulse Design for MRS 
	Spectral Editing - Uncovering Hidden Metabolites
	What is the "Hype" in  Hyperpolarization?
	New Approaches to Spectral Processing and Quantification
	Ex Vivo Spectroscopy - Linking the Benchtop to the Clinic
	Multi-nuclear MRS of Metabolic Dynamics in the Brain
	New Approaches to MRS of Cerebral Disorders
	Spectroscopic Window on Tumor Metabolism
	Advances in MRS of Diabetes and Obesity

	Musculoskeletal Imaging - 08:00 to 17:25 ~ Room 618-620
	Shoulder MR Update
	MRI of the Elbow
	MRI of Muscle Injury
	MRI of the Wrist and Hand
	Knee MR Update
	MRI of the Ankle
	MRI of the Hip
	Bone Marrow Imaging
	MRI of Soft Tissue Pseudotumors

	Advanced Brain MR Imaging - 08:30 to 17:45 ~ Room 602-604
	Protocol Update: Stroke, Tumors, Epilepsy and MS - No syllabus contribution available
	High-Resolution Cortical Imaging
	Parallel Imaging: Concepts and Applications
	Brain Imaging at 3T and Challenges at 7T
	Measuring Brain Volume Changes: the Tools
	Volumetrics of Brain Development
	Volumetrics of MS and Aging
	DSC Perfusion: Concepts and Applications
	ASL Perfusion: Concepts and Applications
	DTI: Concepts, Quantification and Quality Issues
	DTI of Brain Development
	Fiber Tracking: Concepts and Applications
	Data Analysis, Reproducibility and Reliability, Pitfalls
	Clinical Applications: Surgical Planning in Tumors 
	Clinical Applications: Neurodegenerative Disorders and MS

	Cardiac MRI - 07:30 to 17:15 ~ Room 6D
	Imaging of Coronary Artery Disease with MRI/MRA
	Ischemia Detection Using Perfusion, BOLD, etc.
	Ischemia Detection Using Wall Motion, Strain, etc. - Late addition to program/no syllabus contribution available
	Myocardial Viability: DE-MRI and LD-Dob
	MESA
	ICELAND MI:  An Epidemiology Study of Unrecognized Myocardial Infarction - No syllabus contribution available
	MR-IMPACT (Perfusion)
	Controversies and Approaches to Stem Cell Revascularization - Late addition to faculty/no syllabus contribution available
	Evaluation (Function, Ischemia) of Stem Cell Therapy Patients
	Stem Cell Labeling, Tracking, and Delivery in Cardiovascular Disease
	Stem Cell Therapy in Acute Myocardial Infarction
	Cardiac Imaging: 1.5T vs 3.0T - Where's the Benefit?
	Interventional CMR
	Cardiac Intervention





